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This research investigated the mechanical properties of laboratory manufactured, 
fire retardant treated (FRT) flakeboard in an effort to help establish proper manufacturing
procedure and testing protocol for these types of composite products.  Two sets of fire
retardant treated and untreated panels were manufactured and tested to gauge the initial 
effects of treatment, as well as the effects of high temperature exposure on both panel 
types.  Testing was also conducted on different bending specimen widths in an attempt to 
find the specimen size most suitable for testing flakeboard composites.  Results indicated 
that FR treatment had an adverse effect on panel mechanical properties from both an 
initial standpoint as well as after the panels had been exposed.  Results from the
specimen width investigations revealed that using a wider dimension specimen for
ASTM bending tests would reduce the amount of variation and error that can be found 
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INTRODUCTION AND LITERATURE REVIEW
Fire Retardant Treatment of Wood Composites
Due to a number of different factors, production of wood composite products has 
risen sharply in recent years as the industry has searched for alternatives to solid wood 
material (Gardner et al. 2003, Kirkpatrick and Barnes 2006).  Products such as plywood, 
OSB, and laminated beam materials are showing up more frequently in areas like roof 
sheathing, flooring, and wall sheathing as well as many other uses in light-frame 
construction (Boyer et al. 2003, White 2003, Smith 2005, Winandy et al. 2008).  With 
this increase in product exposure, new sets of challenging conditions have arisen and 
revealed some adverse effects that occur when these building materials are used for
structural purposes (Sean et al. 1999).  Just like with solid wood lumber, certain aspects 
of light-frame construction can be extremely detrimental to manufactured wood 
composites.  Extreme weather conditions, high moisture in particular, are generally
believed to cause structural wood panel products to have numerous performance
problems when they are exposed to the elements (Kamke and Winandy 2008).  To help 
counteract these conditions, wood preservative treatments are often applied to composite 
products to improve and lengthen product life-span.  However, even though preservatives 
often improve performance of wood composites, the practice of preservative treatment 


















being finding a way to apply a treatment method without compromising the structural 
performance and utility of the product before it is put in place (Baileys et al. 2003,
Kirkpatrick and Barnes 2006).  Even though much work on preservation procedures has 
occurred, treatment methods for composite panels still need to be improved and perfected 
to ensure that the structural panel market will continue to thrive. Finding a long term and 
sustainable preservation method for composite panels will also help the wood products 
field as a whole because it will help improve market diversity by broadening the arsenal 
of wood products offered to the construction market as wood competes with other types 
of building materials (Kamke and Winandy 2008).
One area of wood composite treatment that has long offered challenges and raised 
questions is fire retardant treatment of wood products.  Much controversy has been made
over performance issues that sometimes arise when fire retardant treated panels and solid 
lumber are used in construction applications.  A general review of past research 
conducted on this subject revealed that, for the most part, fire retardant treatments will 
improve the ability of a wood material to stand up to intense heat and flame for longer 
periods of time when compared to untreated wood.  However, improvement in these
extreme conditions does come at a cost to some of the other properties.  Adverse effects 
of fire retardant treatment can include an increase in wood moisture content, increased 
corrosion potential, and a reduction in the strength properties of the treated material 
(LeVan and Winandy 1990).  In addition to an initial reduction in strength properties 
from fire retardant treatment, wood materials that are exposed to high temperature after 
treatment with fire retardants have shown consistently lower modulus of rupture (MOR) 








   







   
  
 





modulus of elasticity (MOE) and work to maximum load (WML) (Gerhards 1970).  
Studies on the physical and mechanical properties of treated OSB also found that fire
retardant treatment also caused thickness swell and water absorption values to increase
significantly when compared to control specimens.  These values increased so much so 
that they exceeded the minimum requirement for some building standards that related to 
structural panels (Ayrilmis et al. 2005).  Problems with the internal bonding of composite
panels have also been noted on occasion when certain borate containing preservatives are
incorporated into the panel production processes (Sean et al. 1999, Laks et al. 1988).  
Winandy et al 2008 examined the effect fire retardant treatment had on random 
oriented, single layer, Siberian larch flakeboard and found that the treatment did have an 
adverse effect on panel performance.  Their test results revealed that the bending strength 
of the test panels was reduced from 1% to 10% when compared to control panels.
Previous research (Winandy et al. 1991b) had also been done which examined the effect 
fire retardant treatment had on solid dimensional lumber.  The data from those tests
revealed that wood used in roofing applications can sometimes be exposed to high 
enough temperatures which activate the fire retardants and cause thermally induced 
strength degradation. Similar research has also suggested that reductions in strength and 
bending properties also occur in other fire retardant treated roof sheathing products when 
they encounter some of the extreme temperatures that are common in roof structures
(Laks et al. 1988). In addition, past research has shown that the amount of strength loss 
treated wood endures can be compounded over time and most importantly, fire retardant 
induced strength loss depends on the composition and pH of fire retardant chemicals that 











    
  
 
   
      
  
 
   
 
   
    
  
fire retardant treated plywood (Lebow and Winandy 1999) and fire retardant treated
hardboard products (Myers and Holmes 1975) revealed that the treatment improved the 
flame spread rating of the treated material but caused a reduction in the mechanical 
properties of those products.
An explanation as to why fire retardant treatment causes such detrimental effects 
on the mechanical properties of treated materials has also been an interesting topic in past 
research.  The basic concept is that the acidity of the chemical used, and the magnitude or 
the thermo-chemical exposure treated products have to endure in processing and in 
service, have combined to cause an effect on wood strength (Winandy 2001).  Research 
has shown that when fire retardant treated materials are used in roofing structures, they
can be cyclically exposed to extremely high temperatures for prolonged periods of time.  
The prolonged exposure to heat along with the high acidity of some fire retardant 
chemicals lead to wood products that darkened in color, formed a dry-rot like appearance, 
and became very brash and brittle after a few years of service (Winandy et al. 1991a). 
When compounded over time, those adverse effects eventually lead to product failure
(LeVan and Winandy 1990).  In addition to those problems, wood composites like OSB
are also faced with the problems between fire retardant chemicals and the adhesives used 
in manufacture.  Due to the highly acidic or alkaline nature of most fire retardants, the pH 
of the wood strands that are used in the production of the OSB panels can be affected to 
the point that sufficient bonding cannot occur during pressing.  Additionally, fire
retardants may also impede permeability of wood strands which can make bonding even 
more difficult (Winandy et al. 2008).  Research on fire retardant treated plywood also 









   
   
 
   
 
   
 
 
    
    
 




the pH of the fire retardant and strength loss in the plywood test specimens (Lebow and 
Winandy 1999).  
The extensive research of the aforementioned authors has lead to great advances 
in the knowledge about fire retardant treated wood products.  Even with the extensive
background research that has been conducted by these and other researchers, there are
still many questions regarding the performance of these building materials.  Much more
research needs to be conducted to help discern why these products have a tendancy to fail
when they are in service (Barnes et al. 2010).  
Determination of Sample Widths of Flakeboard Test Samples 
for Mechanical Testing
Another aspect this research explored relates to the minimum sample width
required for stable property estimates (e.g. mean and standard deviation) when evaluating
the mechanical test results from small samples of oriented strandboard.  In particular, this 
study attempted to identify how wide of a sample is required to best estimate the true
mean, standard deviation, and other assorted parameters of the test populations when 
testing small size samples of flakeboard for bending properties.  The current testing
standards that have been in place to evaluate composite panel products was developed in 
the late 1940’s. This standard was not originally designed to test structural panels like 
waferboard, OSB, and structural flakeboard that are more popular in today’s marketplace
(McNatt 1984).  
A review of past research done in this area has shown that there are some




    
 
  
   
      
   
  












They stem from the fact that small-specimens taken from panel products usually contain 
wood elements like wafers, flakes, or strands.  The problem is that when a 2- to 3- inch 
wide flakeboard specimen is tested for strength properties, the results obtained could 
reflect the properties of only one or two flakes or strands that span the entire width of the
specimen in the impact area instead of the general properties of the sample piece as a
whole (Curling et al. 2003, McNatt and Superfesky 1984).  Similarly, if a composite
panel like plywood is being tested, a 2- to 3 - inch wide bending sample with a 2 inch 
knot in one of the plys would experience much lower bending strength values than a
larger sample with the same type defects, or a smaller width sample with a smaller knot 
(McNatt 1984, McNatt and Superfesky 1984).  Other problems can also arise when 
running small-specimen tests that may not occur if large panel testing was used.  Some 
tests have shown that strength values can differ when the testing methods are compared.  
Research revealed that MOE values for ASTM-size specimens tended to be lower while
MOR values tended to be higher when the different sample sizes were tested using the 
same bending test setup (McNatt 1984).  At the same time, the variability in the testing
results increased as the width of the test specimens decreased.  These test results, along
with the fact that composite products are generally used in large 4x8 sheets, add to the
reasoning behind the belief that these products need to be tested using large panel 
specimens (McNatt 1984, McNatt and Wellwood 1990).  
Standards such as ASTM D1037-06a, Standard Test Methods for Evaluating
Properties of Wood-Base Fiber and Particle Panel Products (ASTM 2006a), have heavy
restrictions on sample width and designate that “Each specimen shall be 3 ± 1/32 in. (76 ± 
















± 1 mm) in width if the nominal thickness is ¼ in. or less.”  ASTM Standard 3043, The
Standard Test Methods for Structural Panels in Flexure (ASTM 2006b), similarly states 
that for bending test specimens “the width shall be 1 in. (25.4 mm) for depths less than ¼ 
in (6 mm) and 2 in. (51 mm) for greater depths.”  These standards have been highly
effective for testing composite panel products for many years, but additional research is 
required to explore different testing methods to ensure materials are being thoroughly
evaluated (McNatt and Superfesky 1984).  
Similar research dealing with deviations from standard ASTM size specimens was 
also conducted where the researchers explored attaching plywood veneers to 
manufactured OSB panels (Biblis et al. 1996).  The flexural testing in this study was 
conducted using 6 inch (152 mm) OSB bending specimens. This size sample was used in 
order to specifically avoid any defects or knots that were present in the OSB and veneer 
material (Biblis et al. 1996).  Additional research was also conducted that investigated the
variability of OSB in testing which found that the variance of 25 mm (1 inch) wide
specimens (which is even smaller than the ASTM standard size) was much higher than 75 
mm MOR data.  However, it was discovered that by sorting the test samples based on
strand orientation in the tensile surface would reduce this variability to acceptable levels 












   
  
     
  
    
   
 
  
    
   
   
     
  
CHAPTER II
SCOPE AND OBJECTIVES OF THIS RESEARCH
Currently, there are defined standard methods for evaluating fire retardant treated 
solid lumber and stuctural plywood.  These standards have helped to define both the
intitial effects of fire retardant treatment and have helped gauge the effects the treatment 
has on the service life of these products when they are exposed to high temperatures.  
While these methods are effective, they cannot be directly applied to a material like 
strandboard (White and Winandy 2006). An ample evaluation of fire retardant treated
OSB should gauge the entire life span of the product, from panel manufacture all the way
through product exposure, in order to thoroughly assess material properties. With an 
evaluation of that kind, recommendations could be made that could possibly establish 
proper testing protocol on these types of products.  At the same time, such an evaluation 
would also be beneficial in assessing the current testing methods of flake/strand based
composites as a whole to ensure the best possible testing techniques are being applied to 
all of these types of products.
This project intended to evaluate both laboratory manufactured fire retardant 
treated flakeboard, as well as laboratory manufactured untreated flakeboard panels using
a two phase approach. In Phase I, the objective was to run testing in order to form 






     
  
  
     
     
 
    
experimenting with products like fire retardant treated flake and strand based composites
by collecting data on flake treatment, panel manufacturing methods, and mechanical 
property values. The Phase I testing also attempted to gauge the initial effect fire
retardant treatment had on panel performance when compared to untreated flakeboard 
panels. An additional objective in Phase I also included experimentation with different 
test specimen sizes in order to decipher which is the most appropriate test specimen width
needed when testing flake and strand based composite panels in bending.
In Phase II, the objective was to use results gathered from Phase I testing to craft 
a study that focused on the effects of high temperature exposure on both fire retardant 
treated and untreated flakeboard panels in an attempt to outline proper exposure
conditions when conducting this type of material testing.  Testing methods and results 
























Phase I: Fire Retardant Treatment and Sample Width Study
Flake Treatment
Flake material consisting of 95% southern pine and an additional 5% mix of 
hardwoods and cedar was obtained from a local OSB production mill (Norbord) in 
Guntown, MS (Figure 1). The flakes were collected directly from the mill’s production 
line. These flakes had not been treated with any kind of chemicals and/or resin prior to 
pick up, and were typical of flake material that can be collected from any type production 
flake/strandboard mill.









   
  
  
    
    
   









The treating materials used to treat the flakes included a pressure treating
cylinder, mix tank, and flake treating basket specially constructed to treat composite
material.  The basket was constructed out of wire screen and had dimensions of 111.8 cm 
x 32.0 cm x 29.2 cm.  These dimensions allowed the basket to fit the treating pan almost 
exactly so that there was no void space between the basket and the treating pan itself.  
The fire retardant chemical used during flake treatment was a solution of guanylurea
phosphate and boric acid (GUP/B).  This chemical was shipped to MSU from Arch Wood 
Protection in a two part powder form and was mixed together with water according to
manufacturer’s instructions immediately prior to the treating process.  
The treating process began by weighing the treating basket empty to get a tare
mass of the basket.  Flakes were then added until approximately 6000 g of flakes were
inside the basket.  This quantity of flakes reached a height inside the basket of 178 mm.  
This allowed room for the flakes to be compressed down by weights and allowed space
for excess solution to fill the pan well above the height of the flakes, which ensured that 
the flakes would be completely covered by treating solution at all times during the 
process.  This amount also provided enough flakes to manufacture one treated panel 
during the manufacturing process, making it easier to track treated material and reduce
material waste.  When the treating pan was fully prepared, the charge was then rolled into 

























Figure 2. Pressure treating cylinder and mix tank used in the treating process.
To gauge the potential uptake of solution by the flakes treated with fire retardant, 
an initial test charge of water only was applied to 6000g of the flake material.  The test 
charge was conducted using 80 liters of water which would be impregnated using a full
cell treating cycle typically used by the MSU treating lab when treating wood composite
materials.  The full cell process used in this study consisted of a 30 minute maximum 
vacuum at 28 in. Hg during which treating solution was pulled into the cylinder, the 
vacuum was then vented back to atmospheric pressure, and a 30 minute pressure period 
was applied at 1034 kPa. Solution uptake was then calculated on a weight - weight basis 
and used to determine the appropriate fire retardant concentration with which to treat the





















   
       
       
       
       
       
       
       
       
       
       
       
       
       
       
       








     
  
 
Table 1.   Treating data recorded from all the charges for Phase 1, retention and uptake
values based on oven dry weight basis.   
Phase I Flake Treating Data
Chg Solution Flake Flake Wt Initial Treated Wt Solution Uptake Retention
# Strength MC(%) (g) (g) (g) (w/w basis)
1 Water 21% 9030 10687 4687 11%
2 10% 12% 9027 14750 8750 16%
3 9% 15.0% 9037 14841 8841 14%
4 7.5% 15.0% 9035 14647 8647 12%
5 6.5% 15% 9038 14346 8346 10%
6 6.75% 15% 9041 14485 8482 11%
7 6.75% 15% 9041 13415 7414 10%
8 7% 13.5% 9052 14502 8493 11%
9 7% 14% 9047 14508 8507 11%
10 7% 14% 9047 14232 8229 11%
11 7% 14% 9051 14402 8395 11%
12 7% 14% 9050 13245 7240 10%
13 7% 13.5% 9053 14149 8142 11%
14 7% 13.5% 9053 14777 8768 12%
15 7% 13.5% 9049 16583 10581 14%
16 7% 13.5% 9054 14704 8699 12%
The target retention for this project was to have the solution uptake equate to 
10.9% on a weight basis. Solution uptake of this level would result in the treated material 
containing approximately 48 kg/m³ of fire retardant. Eighty liters of a 10% solution of
GUP/B was used in the treating cycle.  The 10% solution consisted of 72 liters of water
and 8 liters of GUP/B fire retardant (70/30).  This ratio included 5.6 liters (or 5600 g) of 
guanylurea phosphate and 2.4 liters (or 2400 g) of boric acid.  The treating solution was 
prepared by adding the two parts fire retardant to water in a large mix tank. The solution 
was paddle stirred until all of the FR particles from the powder were thoroughly mixed 
into solution.  Once the solution was mixed, it was pulled into the treating cylinder while



















was scaled back and the final experimental solution percentage that was settled upon was 
approximately a 7% GUP/B solution.  However, the solution strength did vary slightly
depending on the ambient moisture content of the flakes prior to treatment. 
After analysis of the data taken from the experimental full cell treating cycle, 
changes were made to the treating cycles applied during flake treatment.  Results from 
the experimental charge data revealed that a complete full cell treatment process that 
included a 30 minute maximum vacuum and 30 minutes of pressure may actually over 
treat the flake material. Instead, the flakes were treated simply using a 30 minute 
maximum vacuum period which applied a vacuum of 28 in. Hg.  According to the 
treating data obtained in the project, this vacuum soak period was sufficient to completely
saturate the flakes and provide a sufficient method of treatment for the panels in this 
study.  
When the vacuum cycle was completed, the cylinder was vented to atmospheric
pressure and the charge was unloaded by removing the basket from the treating pan and 
draining the remaining solution into a work tank.  The treated flakes were then allowed to 
drain for a period of 3 hours (or until all excess solution was removed from the basket)
and the treated weight of the charge was obtained.  Flakes were then moved from the 
treating basket to an exterior drying basket and were air dried for a period of 2 to 3 days












   
 
 
     
     
   
   
 
    
 
Figure 3. Illustration of flake pre-drying after treatment.
After the flakes had been air dried to an appropriate level (~ 20-25% MC), they
were then moved to a tumble dryer and dried to a moisture content of 3-4% to ensure the 
flakes were not damaged via mold or decay fungi.  The flakes were then placed in 
cardboard drums until all of the necessary flakes were treated and the manufacturing
process began. The untreated flakes were also dried in a similar manner.
Panel Manufacturing
Panels were assembled and hot pressed using phenol formaldehyde (PF) resin and
a paraffin wax. The resin was obtained along with flake material collection at the
Norbord Guntown, MS mill.  The wax was obtained from Roseburg Forest Products, a 
composite panel manufacturing facility in Louisville, MS. The first step in panel 
manufacture consisted of drying the treated and untreated flakes down to very low 
moisture contents so that optimal bonding conditions would be present. The flake





   
 
  













a CSC Scientific Moisture Balance.  When dry, the flakes were added into a 182-cm 
diameter by 122-cm depth rotary blender (Figure 4) that was equipped with 12 baffles. 
Figure 4. Rotary drum blender used during the manufacturing process.
The blending process consisted of two parts: wax application and resin blending.
With the dried flake material in the blender, 255 g of liquid paraffin wax was first 
blended onto the flakes using a Masterflex Peristaltic pump and forced air pressure being
run through spray nozzles located on a wax applicator.  The purpose of adding paraffin 
wax to these panels was to ensure that any measures used in this study to manufacture
panels was very similar to the process used in an industrial setting. In this case, paraffin 
wax and/or slack wax are routinely blended into flake material for commercial OSB in 
order to aid in water repellency and help with dimensional stabilization of strandboard 
panel products (Gardner et al. 2003). So in this instance, it was important to include wax
in the panels made in this study as well.  
The amount of wax that was added to each flake batch accounted for 1% of the





   
 
   
 
 
   
   
 
  
   
   
 
   
 
Specialty Chemicals PF resin was then forced into the blender using a peristaltic pump 
along with air pressure which forced the liquid resin through a spinning disk resin 
atomizer.  The purpose of the atomizer in the blending process was to transform the
liquid PF resin into extremely fine particles that would coat the flake material with 
enough resin to sufficiently bond the flakes when they were hot-pressed.  The resin 
atomizer accomplished this by using a spinning cone that turned at 10,000-rpm which 
created a mist of resin onto the flakes inside the blender.  The liquid resin that was added
to each flake batch accounted for 4% of the total additives in the blend.  
When the blending process was completed, 6000 g of blended furnish was 
weighed out and then the panel mat was formed using an 86.4 cm x 86.4 cm forming box
and metal caul plates (Figure 5).  The forming process in this manufacturing procedure
involved spreading the blended flake material evenly onto the caul plates in a random 
fashion without any flake orientation.  The forming box helped by allowing the flake
material to be added onto the caul plate in an orderly and even fashion, and reduced the
amount of waste in the mat forming process.  The caul plates were necessary in the
process because they allowed for a platform on which the mat could be laid up and served 






     
 
 




   
    
 
Figure 5. Formed mat inside forming box.
Once the mat had been laid up evenly, a mat pre-press was applied.  The pre-press 
consisted of applying a force of approximately 10 kg to the cover of the forming box.  
This action compressed the flakes together in order to keep the mat from falling apart 
during transportation from the forming table to the press.  After pre-pressing, the forming
box was removed and another metal caul plate was sprayed with a release agent and 
placed on top of the mat (Figure 6).  The mat was then loaded into the Diffenbacher Press 
where the panel was allowed to cure at a temperature of 198°C for 4 minutes.  The
pressing schedule for this phase of the study included 30 seconds for press closing and a





    
 
 
   


















   
Figure 6. Formed mat with top and bottom caul plates.
Table 2.  Pressing schedule for Phase I panel manufacture.
Phase I Pressing Schedule
30s Press
Compression/Closing →





After the pressing process was completed, the panels were removed from the
press and labeled according to panel type (treated panel or control) and were then hot 
stacked for a 24 hour period.  The panels were then moved to a wood shop where they
could be trimmed to an 813 mm x 813 mm finished dimension.  Trimming the panels to 
this size served two purposes.  One being that it maximized the number of samples that 
could be retrieved from each panel.  Also, trimming the panels in this fashion removed 
the rough edges of the panels which were unsuitable for testing because of the low 
bonding properties on the outside edge of the boards.  
Once the panels were trimmed, panel mass and volume amounts were determined






   
    
 
 
     
calculation process consisted of taking thickness measurements at eight different points 
along the trimmed edge of the finished panel using a stationary mounted caliper (Figure
7).  Those thicknesses along with the panel dimensions (l x w x t) were used to calculate 
panel volume.  The average panel volume, along with the mass of each trimmed panel 
was then used to determine the panel density (Table 3).




      
 





    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    
    




   
      
  
Table 3. Trimmed panel density values for panels manufactured in Phase I.
Panel Panel Panel Thickness Panel Density
# Wt (G) (mm) (kg/m³)
C-3 5,142 10.6 730
C-4 4,897 10.6 730
C-6 4,848 10.4 700
C-7 5,532 10.6 790
C-8 5,324 10.3 780
C-9 4,984 10.4 720
C-10 5,133 10.5 740
C-11 4,907 10.5 700
C-12 5,197 10.4 750
C-13 5,201 10.4 750
C-14 5,151 10.4 750
C-15 4,997 10.8 700
T-5 5,147 10.4 740
T-6 5,514 10.7 780
T-7 4,925 10.5 700
T-8 4,943 10.4 710
T-9 5,147 10.4 740
T-10 5,496 10.3 800
T-11 4,952 10.3 730
T-12 4,861 10.5 700
T-13 5,306 10.3 770
T-14 5,197 10.4 750
T-15 5,424 10.3 790
The panels were then moved to a wood shop where they were cut into final 
sample dimensions for testing.  The bending samples that were proposed for this project 
consisted of sample sizes that deviated somewhat from ASTM Standard D 3043 (ASTM 
2006b).  The sample size actually evaluated in this testing called for a series of different 
sample widths ranging from 102 mm (4 inches) to 305 mm (12 inches) wide. The
samples were cut from each panel using two specific cutting patterns.  The differing













      
areas of the panel.  In cutting sequence I, the 102 mm and 305 mm wide specimens were
cut from the outside edges of the panel with the other two specimen widths coming from 
the middle.  In cutting sequence II, a reverse order was used where the 152 mm and 203 
mm wide specimens were cut from the outside edge of the panel.  The cutting pattern 
used to obtain the bending samples is shown in Figures 8 and 9.
102mm
102mm 152mm 203mm 305mm









   
  
 













When all of the samples were prepared, they were moved to an environmental 
chamber and were conditioned according to ASTM standards.  Conditioning parameters 
for this portion of the study were set at 65% relative humidity and 20°C. The samples 
were conditioned for a period of four weeks prior to mechanical testing.
Phase I Mechanical Testing
With sample preparation and conditioning completed, the next stage of the
evaluation process was mechanical testing of the prepared samples.  All mechanical tests
for this project were conducted using the ISO accredited Mechanical Testing Laboratory
at Mississippi State University.  The materials used for this portion of testing consisted of 
a Tinius Olsen mechanical testing machine equipped with Instron Blue Hill software, a
Tinius Olsen Deflectometer which was used to measure sample deflection, 305 mm wide
sample supports, and a set of 305 mm wide load heads.  With the unique nature of the
specimen sizes that would be evaluated in this test, special attention had to be given to 
some of the materials that would be used.  One area where modification had to take place
was in the load heads and sample supports.  The size of both the sample supports and 
load heads were critical to the test setup because they had to be wide enough to span the 
entire width of each sample that was tested.  With the widest samples measuring up to 
305 mm in width, the load heads had to be manufactured especially for this project so 
that the dimensions and radius of the heads would be in accordance with ASTM 
standards (Figure 10).  Additional attention was also given to load head manufacture to 



















if any of the specimens deformed a great deal during testing, the load heads would stay in 
contact with the specimen at all times.
Figure 10. Illustration of test setup within accordance of ASTM D 3043 Method B.
Figure 11. Illustration of the roller setup used on one of the loadheads. 
The final modification done to the testing equipment included changes that were






     











device to ensure that it had enough depth to adequately record the deflection of each 
sample tested.
The test setup followed the guidelines set forth through ASTM Standard D 3043 
Method B (ASTM 2006b) which is the standard method for testing fiber- and particle-
based structural panels in flexure using a two point bending test. This method was 
selected instead of Method A because of the difference in loading between the two 
methods. ASTM 3043 Method A is the Center Point Flexure test; it is a basic testing
method for many flexural tests of composites and other wood products.  With this 
method, the load is applied at one point in the center of the bending specimen and the 
deflection values are measured directly beneath the load head.  Method A is sufficient in 
many cases but there are times when the maximum bending moment causing fracture can 
occur far away from the area of fracture (Winandy and Morrell 1993).  When using
ASTM 3043 Method B, load is applied through two load heads that are positioned where
half of the bending specimen is in between the load points.  This allows for deflection to 
be measured in the center of the specimen and also gives more precise control of the 
induced bending moments at the area of fracture that occurs in the bending specimen
(Winandy and Morrell 1993). 
With the strict measurements that were in place for this testing standard, all of the
testing devices were checked numerous times and trial runs were made to ensure proper 
machine configuration.  As noted earlier, the load heads had to be positioned where they
would apply load at points where half the length of the bending specimen (which in this 







   







    
 
   






were positioned so that the distance from the load head to the support (center to center)
were 92 mm apart.  
When the machine was properly configured, the testing devices were locked into 
place and testing commenced.  The control specimens were taken from the conditioning
chamber and tested one by one in random fashion with no regard to sample width. The
fire retardant treated samples were then tested in the same fashion until all testing was 
completed.  The test data for MOR, MOE WML, and maximum flexure load were
recorded with the Instron BlueHill software and then grouped and sorted using Microsoft 
Excel.  After the bending test, the remnants of the specimens were moved to a storage
area until further evaluation of the panels could be completed.
Internal Bond, Density Profiling and Boron/Phosphorus Analysis
After completion of the bending tests, additional evaluations of the tested samples 
were also conducted through internal bond and density profile testing.  Further analysis
was also conducted which analyzed the amount of boron and phosphorus that was loaded 
into each panel during treatment.  This analysis could only be done during this stage
because of the destructive nature of the sample procurement procedures.  
Density profiling was conducted using Quintek Measurement Systems (QMS) 
density profiling equipment.  The model housed in the MSU Mechanical testing lab was
the QDP-01X Density Profiler.  This machine was capable of scanning 50.8 mm x 50.8 
mm samples which were loaded in the machine in cassette style racks where they were



















   
 
 
The sample sets that were evaluated in this portion of the testing were cut at random from 
the bending samples that were used in earlier bending tests. 
The internal bond tests were conducted in the MSU mechanical testing lab using
an Instron table top testing machine.  Test setup was configured according to ASTM D 
1037 (ASTM 2006a) testing guidelines, which hold the standard procedure for evaluating
the properties of wood based fiber and panel materials.  An example of the internal bond 
test set up is included in the Figure 12.
Figure 12. Illustration of ASTM D 1037 test setup for internal bond pretest (L) and after 
the testing was completed (R).
The boron and phosphorus analysis was conducted by taking a 5 different 50 mm 
x 50 mm sections from the remnants of the previously tested bending samples.  The
samples were put into a Wiley mill and ground into a dust form and then small portions 
of each section were added together to form a composite sample of the entire treated 
panel.  Those samples were then sent to the Department of Plant and Soil Sciences at














   
  
 
    
  
    
   
 
     
   
     
   
Phase II: High Temperature Exposure Study
Changes from Phase I to Phase II
Phase II of this study included manufacturing an additional set of flakeboard 
panels that would be exposed to high temperature conditions for a prolonged time period
in a similar manner as that described for fire retardant treated plywood in ASTM 
Standard D 5516 (2006c).  To carry out this portion of the project, many of the same 
manufacturing methods had to be completed again in order to get all the materials needed 
to complete the test.  Because of this, the collection of flake material, treatment, and 
panel manufacturing processes were all conducted using the same or very similar 
methods that were outlined in previous sections of this study.  The only changes that were
made were done so to either speed up or improve upon the manufacturing processes used 
in Phase I.  For the most part, procedural changes were kept to a minimum so that both 
Phase I and Phase II samples could be as consistent as possible in relation to one another.
One necessary method change dealt with adjusting the solution strength of the fire
retardant chemical used to treat the flake material for Phase II. In Phase I, flake material 
collection occurred at a point in the production process where the flakes were conditioned 
to a moisture content of approximately 12-15%. In Phase II, flake material collection 
was carried out at a different stage of the donating mill’s production process in an effort 
not to disturb mill operations.  Flakes collected in Phase II were conditioned to a moisture
content of approximately 5%.  With this change in moisture content, adjustments to the
strength of the treating solution were made accordingly. Treatment data for the flakes 





      
 














       
       
       
       
       
       
       
       
       
       
       











Table 4. Treating data recorded from all of the charges for Phase II.
Flake Treating Results
Ch Solution Flake Flake Wt Initial Treated Wt Solution Uptake Retention (w/w
g # Strength MC(%) (g) (g) (g) basis)
1 5% 5% 6,001 14,742 8,741 7.3%
2 5% 5% 6,001 32,009 26,008 21.7%
3 5% 5% 6,000 16,378 10,378 8.6%
4 5% 5% 6,004 16,309 10,304 8.6%
5 6% 5% 6,019 16,005 9,986 10.0%
6 6% 5% 6,027 15,908 9,881 9.8%
7 6% 6% 6,110 14,869 8,759 8.6%
8 6% 6% 6,017 15,994 9,977 9.9%
9 5% 6% 6,029 15,851 9,822 8.1%
10 5% 6% 6,054 15,516 9,462 7.8%
11 5% 6% 6,076 15,129 9,053 7.4%
12 5% 6% 6,047 15,808 9,760 8.1%
The next change in the production process dealt with flake drying procedures.  In 
Phase I, after the treatment process was completed, the flakes were air dried for a period 
of two to three days and then moved to a tumble dryer where they were dried down to a
moisture content that would allow for storage of the flakes to keep from growing mold 
and decay fungi on the treated flake material.  This method worked well for drying the
flakes and avoiding moisture damage but in some cases, flakes had to be dried a second 
time to get them down to the appropriate moisture content for blending (~5%) because 
the flakes equilibrated to the air moisture content around them before panel 
manufacturing occurred. In Phase II, the flakes were treated and air dried in the same 
fashion, but after they were tumble dried they were moved along in the process directly to 
the blender and panels were manufactured while they were at the appropriate blending
















    
 











    
   
   
    
tumble dried.  This eliminated an entire drying step and reduced the amount of necessary
handling that was needed.  This change also helped in decreasing the amount of material 
waste generated from moving the flakes an additional time.  
Another significant change made in the panel manufacturing process was an 
alteration of the pressing schedule for the panels made for Phase II.  As noted earlier in 
this study, the press schedule in the panel manufacturing procedure for Phase I consisted 
of a 30 second press closing time followed by a 4 minute pressing/holding cycle at 198°C
and a 30 second decompression cycle.  The pressing schedule for Phase II of panel 
manufacture consisted of the same 30 second press closing period followed by a 5 minute 
pressing/holding period at the same 198°C temperature and a 55 second decompression 
cycle (Table 5).  This change was implemented in an attempt to secure better PF curing
with enhanced flakeboard bonding properties among the fire retardant treated panels.  It 
should be noted that even though the control panels in Phase I performed well in all of 
the performed testing, the controls were subject to the same pressing schedule changes.  
This was done in an attempt to keep uniformity between the Phase II panels.
Table 5. Pressing schedule for Phase II panel manufacture.
Phase II Pressing Schedule
30s Press
Compression/Closing →
5 minute hold/press time @ →198°C
55s Decompression/ Press
Opening
The final difference to note from Phase I to Phase II was the test specimen size
that would be used in testing.  In Phase I, a number of different specimen widths were
investigated in an attempt to gauge what the appropriate specimen width would be for




    
  
     
       
 
  
    
       
   
   
  
    
  
    
  
  
    
   
    
was determined that the best width to use in this type of testing would be a 203 mm wide
bending specimen.  This conclusion was based on a reduced amount of variation and
more stable mean estimates found in the 203 mm specimens when they were compared to 
all the other specimen sizes that were tested in Phase I.
High Temperature Exposure Setup
16 total panels, 8 fire retardant treated panels and 8 untreated controls, were
manufactured yielding a total of sixty-four 203 mm wide x 698 mm long x 11mm thick 
flakeboard test specimens.  A cutting pattern was used that assigned each panel a specific 
letter ID and also assigned each specimen within the panel a specific number ID that 
indicated where the specimen was located.  The number ID’s that were used were based 
on a numbering system of 1 to 4 going from left to right in the panel orientation with 1
being the outermost sample on the left of the panel and 4 being the outermost sample on 
the right side of the panel. A blocked design was used to sort and group the samples into 
8 groups of 8 specimens apiece.  The result of the design led to each group containing
one sample per manufactured panel.  Blocking also gave each group one representative of
each sample position for both the control and the treated panels.
When the groups were sorted, four groups (2 fire retardant treated, 2 untreated 
control) were selected to be used in the exposure trials and four were selected to be 
withheld from high temperature exposure. Two of the groups were held back from 
temperature exposure so they could be tested along with the other exposed groups and 





   
 
 






   
 
  
   
   
testing in case further research was needed at a later time.  An illustration of the setup for
the block design of the exposure study is shown in Figure 13.
Figure 13. Illustration of block design for Phase II high temperature exposure test.
Setup for the high temperature exposure test involved placing the specimens in a 
small scale dry kiln capable of applying high temperatures and maintaining relative 
humidity levels for the length of time required for this type of testing.  The test specimens 
were placed in the kiln in a random fashion, with all of the test samples being placed on 
the bottom two wire racks of the kiln.  Test specimens could not be placed on the top rack 
of the kiln because of possibility of steam-produced condensation coming in contact with
the samples; instead, the top rack of the kiln held a steel moisture shield which prevented 










   
 
 








flat air baffle (not pictured) was then placed across the opening underneath the third rack
(between the bottom of the rack and the ground) which helped promote air flow among
the samples on the above racks.  To complete the test setup, a small temperature and 
humidity Onset HOBO® sensor was run inside the top of the kiln door to help track 
temperature and humidity of the kiln independently from kiln controls to ensure that 
proper conditions were being held.  The kiln controls were set at 76°C and 65% relative 
humidity and the kiln was allowed to run for a length of 40 days.  Illustration of the high 
temperature exposure test setup is shown in Figure 14.
Figure 14. Temperature exposure test set up inside dry kiln.
At the end of the first 40 day exposure period, 16 specimens were removed from 
the kiln and placed in a conditioning chamber where they were conditioned back to a 
target moisture content of 10% along with the 0 day exposure sample groups that were
not originally placed in the dry kiln.  Moisture content of these samples was tracked by











   
  





content was reached, the exposed specimens, along with the 0 day exposure groups were
removed and tested as in Phase I of this study.  
The remaining exposure samples were left in the dry kiln and the exposure
process resumed for those samples for an additional 20 day time period.  This additional 
time period made the total exposure time for the second group of samples to equal a total 
of 60 days.  At the conclusion of this time, those samples were then removed from the
kiln and conditioned to the same target of 10% moisture content so they could proceed to
mechanical testing and the project could be completed.
It should be noted that during the exposure test, a breakdown occurred with some
of the dry kiln equipment that was used. This created some downtime in the testing
period which affected both the 40 day and 60 exposure groups.  The kiln downtime was 
recorded, and additional days were added on to account for the lack of high temperature











     
  
   
   
 
     
    
 
    
   




When the data was collected in Phase I, the results were arranged and an Analysis
of Variance (ANOVA) procedure was conducted to test for significant differences among
the different sample groups using statistical analysis software (SAS).  Means were
separated using Tukey’s Studentized Range (HSD) test at the 95% confidence level (α =
0.05).  Comparisons were first made based on performance of fire retardant treated panels 
vs. untreated panels.  Additional comparisons were then conducted on the different 
sample widths of the two panel types.  The comparisons among the sample widths of
each group were done using only like sample groups (untreated samples vs. untreated 
samples and treated samples vs. treated samples), the reason being that further
comparison of treated vs. control panels was not as necessary because those differences 
were established by previous ANOVA procedures.
To begin the analysis, an initial comparison of the performance of fire retardant 
treated panels against the performance of untreated control panel groups was conducted.  
Results indicated that the addition of the fire retardant treatment to the flakeboard panels 
did have a detrimental effect on performance.  Bending results showed that the samples 







   
 
 
   
 
 
   
      
      
      













taken from the treated panels in all of the recorded categories.  As noted above, the 
establishment of this comparison resulted in further comparative t-tests being conducted 
strictly on like sample groups.  This method of analysis comparing only like sample 
groups made interpretation of the results more clear and allowed for more detailed look at 
each of the different panel properties. Summary of the ANOVA procedure is listed in 
Table 6.
Table 6. Summary of analysis of variance of fire retardant treated vs. untreated panels in 
bending tests.
ANOVA Summary Fire Retardant Treated vs. Untreated Panels




105 0.306576 42.675 45.98 <0.0001
106 0.615727 34.483 168.24 <0.0001
107 0.593263 47.171 154.61 <0.0001
Comparisons of Untreated Control Sample Groups
Analysis of the control groups revealed that the 305 mm wide control specimens 
generally showed higher results than the other groups in most of the testing categories.  
For MOE, no significant differences (p=0.0523) between any of the control sample
groups were shown (Figure 15).  Analysis of MOR values for the control samples 
revealed that the 305 mm wide samples performed significantly better (p=0.0016) than all
of the other control sample groups tested (Figure 16).  WML results followed a similar 
pattern, with the 305 mm wide control groups returning significantly higher numbers 
(p=0.0057) than the 102 and 203 mm sample groups.  However no significant difference
was noted between the 305 mm controls and the 152 mm control groups (Figure 17).  

















and 203 mm sample groups when mean WML values were compared.  A summary of the
ANOVA procedure for the control sample groups is listed in Table 7.
Figure 15. Mean MOE values for all control sample groups.  (Means with the same
letter are not significantly different, α=0.05).
Figure 16. Mean MOR values for all control sample groups.  (Means with the same 
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Figure 17. Mean WML values for all control sample groups. (Means with the same
letter are not significantly different, α=0.05)
Table 7. Analysis of variance results from bending data of untreated specimen groups.
ANOVA Summary for Untreated Groups













Comparisons of Fire Retardant Treated Sample Groups
Analysis of the fire retardant treated sample data revealed some trends similar to 
those in the control groups.  MOE results revealed that values for the 305 mm wide
treated samples were significantly higher (p=0.0129) than the 102mm treated group 
(Figure 18).  Data from the smaller treated sample widths showed that there was no 
significant difference between the results of the treated 203 mm, 152 mm and 102 mm














(Figure 20) show that there was no significant difference between any of the different 
sample widths among the treated samples that were tested in either of those two 
categories.  A summary of the ANOVA procedure for the fire retardant treated sample
groups is listed in Table 8.  
Figure 18. Mean MOE values for all treated sample groups. (Means with the same letter

















    
Figure 19. Mean MOR values for all treated sample groups.  (Means with the same
letter are not significantly different, α=0.05)
A A A A
Figure 20. Mean WML values for the treated sample groups.  (Means with the same







      
      
      













   
 
Table 8. Analysis of variance results from bending data for fire retardant treated groups.
ANOVA Summary for Treated Groups













Determination of Sample Widths for Further Flakeboard Testing
Calculations for coefficient of variation (COV) were made for the control panel 
groups.  The results were calculated in Microsoft Excel, and then were grouped and 
compared graphically in an effort to find the sample size group with the lowest values.  It 
should be noted that COV analysis was not done on the fire retardant treated panels in an 
attempt to avoid having the effects of treatment impact the COV data in any way.
Results (Figures 21, 22, and 23) showed that increasing the width of the bending
samples generally yielded much lower variation among test results than did the smaller
width sample groups.  Test results from the untreated control sample groups indicated 
that variation was the lowest in the 203mm wide specimen groups.  This decrease in 
variation when compared to the smaller width specimens was likely due to the effects of 
size, position, and orientation of the flakes within each specimen relative to the size of 
the specimen itself.  This theory insinuates that the smaller width specimens could have
had some defects or very large flake elements that adversely affected the results of those
width samples. These findings agree with past research which indicates that increase in 
variability could possibly be due to enhanced effect of flake size and orientation within 














Superfesky 1984).  Based on these results the decision was made to use 203 mm wide

































COV of MOE Values: Controls
Figure 21. Coefficient of variation values based on the MOE data collected from the 

















Figure 22. Coefficient of variation values based on the MOR data collected from the
control sample groups.  



























Internal Bond, Density Profiling, and Boron/Phosphorus Test Results
The results of internal bond tests showed a significant difference between the fire
retardant treated and the untreated control panels.  On average, samples taken from the
untreated control panels performed much better than did their treated counterparts.  
Results revealed that the average internal bond value was near 350 kPa for untreated 
panels and only 150 kPa for the treated panels (Figure 24). A summary of the ANOVA 
results is listed in Table 9.
A
Figure 24. Internal bond values of untreated control panels vs. fire retardant treated 






   
 
     
      





   
 
 






Table 9. Summary of analysis of variance results from internal bond comparative test.
ANOVA Summary for Internal Bond and Density Testing
F-
Variable df r² COV Value P-Value
IB (Treated vs Untreated) 88 0.281138 59.28 34.02 <0.0001
The test results from the QMS density profile testing showed that the treated 
specimens generally had higher density values on average than the control samples.  This
was to be expected considering the fire retardant treated samples were treated with 
GUP/B solution to a target of 48 kg/m³, an added component in their panels that the
untreated controls did not have.  Figure 25 is an example of a batch average readout from 
the QMS machine. Table 10 includes the ICAP results from the boron and phosphorus 
analysis conducted in this portion of the testing.





   
 
  
       
   
   
   
   
   
   
   
   
   
   
   
   











Table 10. Boron and phosphorus analysis of the treated samples from Phase I.
Born/Phosphorus Analysis























Mean amount/panel 4,085 7,564
Mean treatment/panel 11,649 ppm
Phase II
Initial observations from the Phase II high temperature exposure study revealed 
that both of the treated sample groups that were removed from the kiln exhibited a
darkened color, and appeared to be much more brittle than their unexposed untreated 
counterparts.  These effects were similar to those found in multiple fire retardant studies 
done by Winandy (1989), Levan et al (1990), and Levan and Winandy (1990). The
treated and high temperature exposed samples also experienced some delamination along
the edges of the samples (Figure 26).  The extreme temperatures appeared to have caused 
a reaction of the fire retardant chemical which affected the bond strength of the samples.  
The untreated samples that came out of the kiln were also slightly darkened in color; 












   






some slight delamination in the untreated samples, but, overall, the untreated samples 
were in much better condition post exposure than were the treated sample groups.  
Figure 26. Illustration of delamination of FRT samples along sample edge after 40 days 
of exposure.
When comparing the 40 and 60 day exposure samples, pre-test observations 
determined that the extra time under exposure looked to cause additional problems for the 
samples in the 60 day exposure group.  The darkening in color of the 60 day sample
groups (Figure 27) looked to be more intense than in the 40 day samples (Figure 28).  
Also, the instances of delamination were more prevalent in the longer exposed samples 
than in the other groups. In some cases, the delamination resulted in some treated 












     
 
 
Figure 27. Comparison of FRT sample (L) and untreated sample (R) after 60 days 
exposure.













   
 
  






Figure 29. FRT sample removed that has experienced complete bond failure after 60 
days exposure.
After conditioning the bending specimens to a moisture content of 10% before
testing (per ASTM Standard 5516), the Phase II samples were tested for the same
properties as the Phase I specimens.  Using the same standards, tests were run to 
determine MOR, MOE, WML, and internal bond.  All of the machine setup dimensions, 
tests parameters, and data analysis methods (ANOVA and Tukey’s test, α=0.05), were
closely followed to ensure uniformity between the two different cycles of tests.  
The results from the Phase II testing revealed a number of different trends among
the different sample groups.  The first trend that was identified in the data came in the 
comparison between treated and untreated flakeboard bending samples.  Just as with the
Phase I data, the Phase II data revealed that fire retardant treatment had a dramatic initial 
effect on performance properties of the tested specimens.  The untreated samples in this 
part of the study performed much better than did the treated samples in all of the tested 
categories.  It was also evident that the alteration of the pressing schedule had a minimal 













   
 
    
 
have slightly improved, but for the most part all of the test data from Phase II aligned 
similarly with the data collected in Phase I.  These results indicate that more
experimentation may be necessary in order to achieve satisfactory performance of panels 
manufactured using these methods.
The analysis of the high temperature exposure study showed that the exposure of 
samples to the conditions that were present in this test did cause adverse effects on panel 
performance in some of the tested groups.  In the MOE data (Figure 30), it was apparent 
that a significant drop off occurred after 40 days for the fire retardant treated sample 
groups (p<0.0001).  That drop in MOE remained relatively unchanged for the 60 day
exposure treated samples.  MOE data for the control sample groups showed no significant 
difference between the different exposure periods.  MOR and WML results showed a
significant difference (p<0.0001) when comparing control vs. treated values, but no 
significant difference was noted when comparing the treated and untreated groups among
themselves (Figures 31 and 32).  It should also be noted that the tested mean MOE and 
MOR values for untreated and FR-treated flakeboard were reduced after high-
temperature exposure. It may be that the lack of significance relative to the temperature












   
  
 
     
      
A B C AB C
Figure 30. Mean MOE values for all Phase II sample groups.  (Means with the same 
letter are not significantly different, α=0.05).
A B A B A B 
Figure 31. Mean MOR values for all Phase II sample groups. (Means with the same
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Figure 32. Mean WML values for all Phase II sample groups.  (Means with the same
letter are not significantly different, alpha=0.05).
The internal bond results indicated that the untreated samples yielded the highest 
results (Figure 33). The untreated groups along with the unexposed treated sample group 
were shown to have no significant differences (p=0.0034).  The 40 and 60 day treated 
specimen groups were next and were shown to have significantly lower IB values than all
of the other groups tested.  A summary of the ANOVA procedure conducted on all of the










   
 
   
      
      
      
      









      
Figure 33. Mean IB values for all Phase II sample groups.  (Means with the same letter 
are not significantly different, α=0.05).
Table 11. Summary of analysis of variance procedure conducted in Phase II.
ANOVA Summary for Phase II Testing

















At the conclusion of the ANOVA procedure, all of the data was once again
grouped using Microsoft Excel software and an additional comparison was made to 
compute a ratio of the performance of the fire retardant treated specimens vs. untreated 
controls in all of the different test categories (Figure 34).  Those test results show that 
property loss due to treatment ranged from approximately 40% to 75% depending on the 


































































Data was collected in Phase I that dealt with deviating from ASTM bending test 
standards in order to find the optimal specimen width to use when conducting bending
tests on OSB type wood composite products.  The specimen width investigation 
conducted in this portion of the test showed that smaller width specimens that are
currently used in four point bending tests like this one yielded data that contained higher 
variation and less stable mean estimates when compared to the wider specimens that were
also tested.  These results indicate that new variations to current testing standards could 
be proposed that deal primarily with testing composite products that contain wafers, 
flakes, or strands.  Since many of the current standards that are in place deal with 
composites such as plywood, this research could help to contribute to finding new testing
methods could be implemented that focused on strand based composite products.  
The Phase I test results also revealed that the combination of guanylurea
phosphate/ boric acid and a wood composite panel bonded with PF resin manufactured in 
this method yields an unsatisfactory panel that would not perform well under normal 
conditions.  Upon initial observation the panels appeared to be sufficient, however further















    
     
 
outperformed by the untreated panels that they were compared to in MOE, MOR, WML, 
and internal bond.  
Results from Phase II of this study indicate that the extended exposure of 
laboratory manufactured flakeboard panels, treated or untreated, to high temperature
conditions does affect panel performance when testing panel properties after exposure.  
The prolonged effects of high temperatures in excess of 70°C were proven to cause 
thickness swell, delamination, strength loss, and bond failure in many of the specimens 
that were tested.  The high temperatures also caused the samples treated with fire
retardant chemicals to darken a great deal in color and become very brittle, which lead to 
extreme strength loss and poor bonding properties within the panel.  Additionally, the 
samples treated with the fire retardant used in this study once again proved to be 
incapable of providing a board that was on the same performance level as the untreated 
control boards used in this test.  Experimentation with a longer pressing schedule showed 
to have little improvement on treated panel performance when the results were compared 
with earlier data.  Further experimentation with this or other fire retardants and other PF
resin types or with other resin combinations may be necessary to ensure a satisfactory
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Specimen Name Width (mm) Density (kg/m³) Max Flex Load (N) MOE (MPa) MOR (MPa) WML (kJ/m²)
C4-4E-II 102 561                     148                          NA 1.3                  0.02
C13-4C-II 102 872                     2,726                       3,745             23.7                6.92
C12-4E-I 102 739                     1,490                       3,345             13.0                3.36
C15-4C-II 102 817                     2,049                       3,822             17.9                6.37
C10-4A-I 102 623                     1,062                       2,211             9.3                  3.22
C8-4E-I 102 714                     1,460                       2,796             12.7                3.62
C14-4A-I 102 633                     1,129                       3,096             9.8                  2.40
C4-4E-I 102 665                     597                          2,259             5.2                  0.67
C10-4E-I 102 796                     2,643                       5,577             23.0                6.35
C11-4E-II 102 624                     1,073                       3,492             9.3                  1.96
C4-4C-II 102 801                     1,647                       4,701             14.3                1.81
C8-4A-I 102 630                     1,331                       1,825             11.6                3.58
C9-4E-II 102 845                     3,124                       11,720           27.2                6.56
C6-4E-I 102 679                     1,514                       2,988             13.2                4.04
C7-4C-II 102 958                     2,529                       5,691             22.0                6.20
C6-4A-I 102 640                     1,374                       5,243             12.0                1.93
C7-4E-II 102 706                     1,286                       4,854             11.2                2.25
C12-4A-I 102 675                     875                          2,332             7.6                  1.60
C3-4E-I 102 698                     1,937                       3,090             16.9                5.11
C11-4C-II 102 793                     2,107                       4,091             18.4                4.67
C9-4C-II 102 813                     2,162                       3,935             18.8                5.64
C13-4E-II 102 726                     1,547                       3,296             13.5                5.11
C15-4E-II 102 632                     1,297                       2,576             11.3                3.07
Summary:
N 23
AVG 723                     1,613                       3,940             14.1                3.76
MAX 958                     3,124                       11,720           27.2                6.92
MIN 561                     148                          1,825             1.3                  0.02
STD DEV 98                       714                          2,057             6.2                  2.01
COV 14% 44% 52% 44% 54%









Specimen Name Width (mm) Density (kg/m³) Max Flex Load (N) MOE (MPa) MOR (MPa) WML (kJ/m²)
T5-4A-I 102 687                     781                          2,177             6.8                  1.26
T14-4C-II 102 851                     931                          2,555             8.1                  1.91
T12-4C-II 102 756                     640                          1,729             5.6                  1.01
T15-4A-I 102 749                     393                          1,392             3.4                  0.34
T10-4C-II 102 877                     1,129                       3,065             9.8                  1.56
T11-4A-I 102 688                     568                          401                4.9                  0.63
T9-4A-I 102 697                     534                          2,254             4.7                  0.67
T14-4E-II 102 784                     459                          1,864             4.0                  0.61
T6-4C-II 102 873                     1,380                       5,193             12.0                2.12
T8-4C-II 102 823                     769                          1,536             6.7                  1.83
T13-4E-I 102 723                     461                          1,092             4.0                  0.69
T7-4A-I 102 627                     267                          1,085             2.3                  0.29
T6-4E-II 102 683                     365                          1,417             3.2                  0.40
T8-4E-II 102 694                     403                          1,471             3.5                  0.48
T7-4E-I 102 654                     275                          621                2.4                  0.38
T-15-4E-I 102 718                     278                          1,878             2.4                  0.13
T11-4E-II 102 565                     165                          585                1.4                  0.42
T9-4E-I 102 623                     223                          776                1.9                  0.19
Summary:
N 18
AVG 726                     557                          1,727             4.9                  0.83
MAX 877                     1,380                       5,193             12.0                2.12
MIN 565                     165                          401                1.4                  0.13
STD DEV 88                       331                          1,120             2.9                  0.63
COV 12% 59% 65% 59% 76%










Specimen Name Width (mm) Density (kg/m³) Max Flex Load (N) MOE (MPa) MOR (MPa) WML (kJ/m²)
C11-6D-II 152 720                     3,097                       3,896             18.0                5.45
C8-6B-I 152 771                     2,711                       3,414             15.7                4.94
C10-6B-I 152 791                     2,395                       3,433             13.9                4.65
C13-6D-II 152 729                     2,927                       3,065             17.0                4.84
C6-6B-I 152 722                     2,323                       4,551             13.5                4.35
C9-6D-II 152 704                     2,903                       5,893             16.9                4.46
C3-6B-I 152 780                     3,187                       4,004             18.5                4.84
C7-6D-II 152 811                     2,388                       5,436             13.9                2.38
C4-6D-II 152 682                     2,242                       3,458             13.0                3.32
C14-6B-I 152 780                     2,175                       3,090             12.6                3.70
C15-6D-II 152 684                     1,716                       3,124             10.0                2.25
C12-6B-I 152 793                     3,139                       4,083             18.2                5.97
Summary:
N 12
AVG 747                     2,600                       3,954             15.1                4.26
MAX 811                     3,187                       5,893             18.5                5.97
MIN 682                     1,716                       3,065             10.0                2.25
STD DEV 45                       462                          923                2.7                  1.15
COV 6% 18% 23% 18% 27%
152 MM Untreated Control Group
Specimen Name Width (mm) Density (kg/m³) Max Flex Load (N) MOE (MPa) MOR (MPa) WML (kJ/m²)
T7-6B-I 152 756                     814                          1,718             4.7                  0.95
T5-6B-I 152 813                     1,281                       2,737             7.4                  1.51
T13-6B-I 152 792                     542                          1,380             3.1                  0.42
T11-6B-I 152 784                     1,486                       2,546             8.6                  1.89
T14-6D-II 152 741                     468                          1,234             2.7                  0.38
T9-6B-I 152 798                     1,361                       2,544             7.9                  1.30
T6-6D-II 152 809                     920                          2,064             5.3                  0.93
T10-6D-II 152 821                     1,202                       2,719             7.0                  1.24
T15-6B-I 152 824                     1,077                       2,940             6.3                  1.07
T8-6D-II 152 731                     594                          1,752             3.4                  0.44
T12-6D-II 152 702                     608                          1,335             3.5                  0.74
Summary:
N 11
AVG 779                     941                          2,088             5.5                  0.99
MAX 824                     1,486                       2,940             8.6                  1.89
MIN 702                     468                          1,234             2.7                  0.38
STD DEV 41                       361                          633                2.1                  0.48
COV 5% 38% 30% 38% 49%










Specimen Name Width (mm) Density (kg/m³) Max Flex Load (N) MOE (MPa) MOR (MPa) WML (kJ/m²)
C3-8C-I 203 797                     3,408                       3,477             14.8                3.32
C4-8A-II 203 757                     3,720                       3,474             16.2                4.75
C8-8C-I 203 871                     4,026                       3,669             17.5                5.62
C7-8A-II 203 740                     2,657                       4,863             11.6                2.84
C6-8C-I 203 743                     3,335                       3,356             14.5                4.79
C14-8C-I 203 859                     3,742                       4,303             16.3                4.56
C13-8A-II 203 659                     2,717                       1,813             11.8                3.62
C15-8A-II 203 652                     2,959                       3,141             12.9                4.79
C12-8C-I 203 833                     3,096                       3,404             13.5                4.33
C11-8A-II 203 680                     3,445                       3,372             15.0                4.84
C9-8A-II 203 630                     3,035                       3,261             13.2                3.70
C10-8C-I 203 809                     3,060                       3,404             13.3                3.64
Summary:
N 12
AVG 753                     3,267                       3,461             14.2                4.23
MAX 871                     4,026                       4,863             17.5                5.62
MIN 630                     2,657                       1,813             11.6                2.84
STD DEV 83                       422                          714                1.8                  0.80
COV 11% 13% 21% 13% 19%
203 MM Untreated Control Group
Specimen Name Width (mm) Density (kg/m³) Max Flex Load (N) MOE (MPa) MOR (MPa) WML (kJ/m²)
T11-8C-I 203 733                     1,884                       4,037             8.2                  1.09
T15-8C-I 203 713                     1,384                       3,430             6.0                  0.84
T14-8A-II 203 599                     794                          1,524             3.5                  0.57
T13-8C-I 203 773                     2,123                       2,945             9.2                  1.85
T5-8C-I 203 761                     2,154                       2,996             9.4                  1.45
T9-8C-I 203 744                     3,039                       4,539             13.2                2.17
T10-8A-II 203 700                     1,427                       1,484             6.2                  2.44
TC-8C-I 203 676                     1,421                       1,835             6.2                  1.64
T8-8A-II 203 616                     581                          1,082             2.5                  0.36
T6-8A-II 203 704                     1,041                       2,810             4.5                  0.53
Summary:
N 10
AVG 702                     1,585                       2,668             6.9                  1.29
MAX 773                     3,039                       4,539             13.2                2.44
MIN 599                     581                          1,082             2.5                  0.36
STD DEV 58                       733                          1,159             3.2                  0.73
COV 8% 46% 43% 46% 56%











Specimen Name Width (mm) Density (kg/m³) Max Flex Load (N) MOE (MPa) MOR (MPa) WML (kJ/m²)
C14-12D-I 305 786                     5,164                       3,453             15.0                4.63
C6-12D-I 305 750                     7,420                       3,911             21.5                7.15
C9-12B-II 305 777                     8,558                       4,124             24.8                8.01
C3-12D-I 305 780                     5,701                       6,597             16.6                3.15
C4-12B-II 305 761                     8,311                       7,888             24.1                6.41
C7-12B-II 305 880                     6,282                       6,436             18.2                4.02
C10-12D-I 305 748                     6,665                       5,060             19.4                4.96
C15-12B-II 305 845                     7,276                       5,597             21.1                5.38
C8-12D-I 305 847                     6,571                       4,601             19.1                6.98
C11-12B-II 305 798                     6,953                       4,437             20.2                7.02
C12-12D-I 305 786                     5,967                       5,852             17.3                4.46
C13-12B-II 305 863                     8,531                       3,793             24.8                8.18
Summary:
N 12
AVG 802                     6,950                       5,146             20.2                5.86
MAX 880                     8,558                       7,888             24.8                8.18
MIN 748                     5,164                       3,453             15.0                3.15
STD DEV 45                       1,114                       1,351             3.2                  1.65
COV 6% 16% 26% 16% 28%
305 MM Untreated Control Group
Specimen Name Width (mm) Density (kg/m³) Max Flex Load (N) MOE (MPa) MOR (MPa) WML (kJ/m²)
T10-12B-II 305 792                     3,144                       2,919             9.1                  1.93
T12-12B-II 305 735                     3,022                       2,436             8.8                  2.44
T6-12B-II 305 749                     4,276                       4,777             12.4                2.73
T8-12B-II 305 808                     1,933                       1,730             5.6                  1.28
T7-12D-I 305 682                     1,722                       3,717             5.0                  0.59
T15-12D-I 305 701                     2,751                       2,745             8.0                  1.35
T11-12D-I 305 773                     2,821                       2,162             8.2                  1.35
T14-12B-II 305 654                     2,907                       2,508             8.4                  1.43
T9-12D-I 305 733                     2,135                       4,395             6.2                  1.43
T13-12D-I 305 717                     1,746                       -                5.1                  0.76
Summary:
N 10
AVG 736                     2,746                       3,043             7.7                  1.53
MAX 808                     4,276                       4,777             12.4                2.73
MIN 654                     1,722                       1,730             5.0                  0.59
STD DEV 48                       788                          1,034             2.3                  0.67
COV 7% 29% 34% 30% 44%






Sample Max Load (N) IB Value (kPa)
C3-4A-I 1,094              349
C3-6B-I 1,459              442
C3-8C-I 649                 200
C3-4E-I 787                 265
AVG 998                 314
Std Dev 359                 105
C4-8A-II 2,108              617
C4-12B-II 1,134              366
C4-4C-II 1,624              557
C4-6D-II 2,375              731
AVG 1,810              568
Std Dev 548                 153
C6-6B-I 1,619              492
C6-8C-I 1,499              501
C6-12D-I 970                 311
AVG 1,363              434
Std Dev 346                 107
C7-8A-II 458                 145
C7-12B-II 645                 197
C7-6D-II 1,205              407
C7-4C-II 1,343              413
C7-4E-II 885                 288
AVG 907                 290
Std Dev 371                 121
C8-4A-I 329                 112
C8-6B-I 1,277              397
C8-8C-I 1,868              570
C8-12D-I 1,539              503
C8-4E-I 1,286              452
AVG 1,260              407
Std Dev 573                 177








Sample Max Load (N) IB Value (kPa)
C9-8A-II 1,090              372
C9-4C-II 1,953              700
C9-4E-II 1,081              355
AVG 1,374              476
Std Dev 501                 194
C10-4A-I 418                 133
C10-8C-I 703                 238
C10-12D-I 810                 264
C10-4E-I 1,326              474
AVG 814                 277
Std Dev 379                 143
C11-8A-II 1,423              422
C11-12B-II 685                 234
C11-6D-II 1,890              565
C11-4E-II 787                 251
AVG 1,197              368
Std Dev 566                 156
C12-4A-I 458                 152
C12-6B-I 1,028              331
C12-8C-I 778                 254
C12-12D-I 899                 290
C12-4E-I 672                 212
AVG 767                 248
Std Dev 218                 69
C13-8A-II 845                 277
C13-12B-II 854                 280
C13-6D-II 703                 219
C13-4C-II 1,917              622
C13-4E-II 71                  24
AVG 878                 284
Std Dev 664                 216









Sample Max Load (N) IB Value (kPa)
C14-4A-I 316                 125
C14-6B-I 325                 91
C14-4E-I 743                 243
AVG 461                 153
Std Dev 244                 80
C15-8A-II 1,036              311
C15-4C-II 1,108              343
C15-4E-II 538                 187
AVG 894                 283
Std Dev 310                 83
Internal Bond Test Data
Control Samples
Sample Max Load (N) IB Value (kPa)
T5-4A-I 374                 126
T5-6B-I 587                 180
T5-8C-I 280                 85
AVG 414                 130
Std Dev 157                 48
T6-8A-II 494                 159
T6-12B-II 507                 164
T6-4C-II 191                 72
T6-6D-II 67                  21
T6-4E-II 262                 87
AVG 304                 101
Std Dev 192                 61
T7-4A-I 151                 53
T7-6B-I 351                 120
T7-8C-I 431                 154
T7-12D-I 2,598              803
T7-4E-I 191                 60
AVG 745                 238
Std Dev 1,042              319
























Std Dev 156 55
T11-4A-I 832                 263
T11-6B-I 636                 219
T11-8C-I 792                 257
T11-12D-I 743                 252
T11-4E-II SKIP SKIP
AVG 751                 248
Std Dev 85                  20
T12-12B-II 694                 214
T12-4C-II 423                 151
T12-6D-II 40                  12
AVG 386                 124
Std Dev 329                 104






Sample Max Load (N) IB Value (kPa)
T13-6B-I 423                 138
T13-8C-I 374                 119
T13-12D-I 320                 104
T13-4E-I SKIP SKIP
AVG 372                 120
Std Dev 51                  17
T14-8A-II 338                 106
T14-12B-II 645                 209
T14-4C-II 498                 147
T14-4E-II 187                 69
AVG 417                 133
Std Dev 198                 60
T15-4A-I 1,210              431
T15-6B-I 658                 187
T15-12D-I 427                 146
T15-4E-I 311                 107
AVG 652                 218
Std Dev 399                 146




























Sample Specimen Width Density (kg/m³) Max Flex Load (N) MOE (MPa) MOR (MPa) WML (kJ/m²)
G1-N4 203.2 852                       876                           6,263             17.0               2.67
G1-M3 203.2 812                       1,010                        5,561             19.6               3.34
G1-O1 203.2 780                       1,001                        6,840             19.4               3.55
G1-L2 203.2 875                       1,526                        7,583             29.5               6.31
G1-K2 203.2 802                       440                           NA 4.4                 0.11
G1-P3 203.2 857                       805                           5,985             15.6               2.10
G1-I1 203.2 762                       632                           NA 12.2               0.88
G1-J4 203.2 724                       854                           4,184             16.6               4.10
G1-J3 203.2 752                       725                           4,870             14.0               2.86
MEANS 802                       874                           5,898             16.5               2.88
MAX 875                       1,526                        7,583             29.5               6.31
MIN 724                       440                           4,184             4.4                 0.11
STD DEV 52                         303                           1,153             6.7                 1.81
STD ERROR 17                         101                           436                2.2                 0.60
COV 6% 35% 20% 41% 63%
Phase II Bending
UNTREATED SAMPLE GROUP (0 DAY EXPOSURE)
Sample Specimen Width Density (kg/m³) Max Flex Load (N) MOE (MPa) MOR (MPa) WML (kJ/m²)
G1-F4 203.2 670                       298                           3,356             5.8                 1.16
G1-H3 203.2 722                       374                           3,267             7.2                 0.88
G1-H1 203.2 776                       383                           5,267             7.4                 0.57
G1-G1 203.2 876                       227                           4,035             8.5                 1.22
G1-A1 203.2 655                       209                           2,808             4.1                 0.38
G1-B4 203.2 655                       173                           NA 3.4                 0.53
G1-C2 203.2 769                       249                           2,111             4.9                 0.72
G1-D2 203.2 774                       347                           3,926             6.7                 0.88
G1-E3 203.2 760                       436                           4,048             8.4                 1.20
MEANS 740                       300                           3,602             6.3                 0.84
MAX 876                       436                           5,267             8.5                 1.22
MIN 655                       173                           2,111             3.4                 0.38
STD DEV 72                         90                             948                1.9                 0.31
STD ERROR 24                         30                             335                0.6                 0.10
COV 10% 30% 26% 30% 37%









Sample Specimen Width Density (kg/m³) Max Flex Load (N) MOE (MPa) MOR (MPa) WML (kJ/m²)
G2-N1 203.2 819                       667                           4,578             12.9               2.75
G2-M4 203.2 701                       685                           4,776             13.3               2.17
G2-K3 203.2 823                       694                           2,531             13.5               4.96
G2-P2 203.2 843                       574                           4,452             11.1               1.47
G2-I2 203.2 825                       556                           4,193             10.8               1.72
G2-O4 203.2 813                       725                           5,146             14.0               1.96
G2-L1 203.2 767                       952                           4,506             18.4               4.29
MEANS 799                       693                           4,312             13.4               2.76
MAX 843                       952                           5,146             18.4               4.96
MIN 701                       556                           2,531             10.8               1.47
STD DEV 49                         130                           839                2.5                 1.35
STD ERROR 19                         49                             317                0.9                 0.51
COV 6% 19% 19% 19% 49%
UNTREATED SAMPLE GROUP (40 DAY EXPOSURE)
Phase II Bending
Sample Specimen Width Density (kg/m³) Max Flex Load (N) MOE (MPa) MOR (MPa) WML (kJ/m²)
G2-G4 203.2 862                       160                           917                3.1                 0.55
G2-B3 203.2 789                       173                           1,674             3.3                 0.46
G2-C3 203.2 796                       129                           885                2.5                 0.55
G2-A2 203.2 744                       102                           730                2.0                 0.21
G2-H2 203.2 757                       133                           883                2.6                 0.63
MEANS 790                       140                           1,018             2.7                 0.48
MAX 862                       173                           1,674             3.3                 0.63
MIN 744                       102                           730                2.0                 0.21
STD DEV 46                         28                             374                0.5                 0.16
STD ERROR 20                         12                             167                0.2                 0.07
COV 6% 20% 37% 19% 34%










Sample Specimen Width Density (kg/m³) Max Flex Load (N) MOE (MPa) MOR (MPa) WML (kJ/m²)
G3-I3 203.2 762                       458                           NA 8.9                 1.37
G3-J2 203.2 763                       841                           5,277             16.3               3.89
G3-K4 203.2 683                       396                           3,798             7.7                 1.26
G3-L4 203.2 682                       547                           3,200             10.6               2.59
G3-M1 203.2 795                       934                           5,622             18.1               2.84
G3-N3 203.2 932                       1,023                        6,031             19.8               4.04
G3-O2 203.2 947                       1,174                        6,109             22.7               5.57
G3-P1 203.2 737                       694                           4,154             13.5               2.38
MEANS 787                       758                           4,884             14.7               2.99
MAX 947                       1,174                        6,109             22.7               5.57
MIN 682                       396                           3,200             7.7                 1.26
STD DEV 101                       281                           1,159             5.4                 1.45
STD ERROR 36                         99                             438                1.9                 0.51
COV 13% 37% 24% 37% 49%
UNTREATED SAMPLE GROUP (60 DAY EXPOSURE)
Phase II Bending
Sample Specimen Width Density (kg/m³) Max Flex Load (N) MOE (MPa) MOR (MPa) WML (kJ/m²)
G3-A3 203.2 752                       93                             622                1.8 0.32
G3-B2 203.2 779                       191                           2,005             3.7 0.42
G3-E1 203.2 702                       120                           222                2.3 0.42
G3-F3 203.2 714                       138                           578                2.7 0.46
G3-G2 203.2 875                       320                           3,026             6.2 1.32
G3-G3 203.2 925                       173                           1,617             3.4 0.67
G3-C4
G3-D4
MEANS 791                       173                           1,345             3.3 0.60
MAX 925                       320                           3,026             6.2 1.32
MIN 702                       93                             222                1.8 0.32
STD DEV 90                         80                             1,069             1.6 0.37
STD ERROR 37                         33                             436                0.6 0.15
COV 11% 47% 79% 47% 62%
UNTESTABLE SAMPLES POST EXPOSURE



















STD DEV 520 196
STD ERROR 196 74
Phase II Internal Bond Test
Untreated 0 Day Exposure








STD DEV 256 98
STD ERROR 105 40




















STD DEV 355 133
STD ERROR 134 50
Phase II Internal Bond Test
Untreated 40 day Exposure





STD DEV 24 10
STD ERROR 14 6














STD DEV 468 184
STD ERROR 234 92
Phase II Internal Bond Test
Untreated 60 day Exposure







STD DEV 82 28
STD ERROR 47 16
FRT 60 Day Exposure
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